We selected 49 icosahedral virus capsids whose crystal structures are reported in the Protein Data Bank. They belong to the T = 1, T = 3, pseudo T = 3 and other lattice types. We identified in them 779 unique interfaces between pairs of subunits, all repeated by icosahedral symmetry. We analyzed the geometric and physical chemical properties of these interfaces and compared with interfaces in protein-protein complexes and homodimeric proteins, and with crystal packing contacts. The capsids contain one to 16 subunits implicated in three to 66 unique interfaces. Each subunit loses 40-60% of its accessible surface in contacts with an average of 8.5 neighbors. Many of the interfaces are very large with a buried surface area (BSA) that can exceed 10,000 Å 2 , yet 39% are small with a BSA < 800 Å 2 comparable to crystal packing contacts. Pairwise capsid interfaces overlap, so that onethird of the residues are part of more than one interface. Those with a BSA > 800 Å 2 resemble homodimer interfaces in their chemical composition. Relative to the protein surface, they are non-polar, enriched in aliphatic residues and depleted of charged residues, but not of neutral polar residues. They contain one H-bond per about 200 Å 2 BSA. Small capsid interfaces (BSA < 800 Å 2 ) are only slightly more polar. They have a similar amino acid composition, but they bury fewer atoms and contain fewer H-bonds for their size. Geometric parameters that estimate the quality of the atomic packing suggest that the small capsid interfaces are loosely packed like crystal packing contacts, whereas the larger interfaces are close-packed as in protein-protein complexes and homodimers. We discuss implications of these findings on the mechanism of capsid assembly, assuming that the larger interfaces form first to yield stable oligomeric species (capsomeres), and that medium-size interfaces allow the stepwise addition of capsomeres to build larger intermediates.
Introduction
The Protein Data Bank 1 (PDB) is a rich source of information on protein-protein interaction. It contains many examples of protein-protein complexes and oligomeric proteins with two or a few polypeptide chains, which have been extensively surveyed. [2] [3] [4] [5] [6] On the other hand, the multi-subunit assemblies that are abundant in cells and play essential roles in many biological processes 7, 8 are still rare in the PDB because their structure determination by X-ray crystallography and/or cryo electron microscopy remains a challenging task. 9 The best-represented category of such assemblies is virus capsids. [10] [11] [12] [13] The capsid encapsulates and protects the viral genome; it is involved in infection and the recognition of target cells, and sometimes in later steps of the virus cycle. As Crick and Watson 14 first proposed, the capsid of many viruses has icosahedral symmetry, which implies that each component is present in 60 copies related by one of the 2-fold, 3-fold or 5-fold symmetry elements of the icosahedral point group. However, only the smaller viral capsids have 60 subunits; others have a multiple of 60. In
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1962, Caspar and Klug 15 introduced the rule of quasiequivalence and the lattice triangulation number T. T is 1 in the smaller capsids and in others, it takes integral values compatible with the formation of a surface lattice. Over the years, electron microscopy and X-ray diffraction have confirmed, and in a few cases infirmed, this model. Aside from T = 1, the icosahedral lattices most often found in the PDB are T = 3 capsids with 180 subunits identical in sequence, and pseudo T = 3 capsids (pT3) where the subunits have different sequences, but similar folds allowing them to pack as in a T = 3 lattice. In recent years, structural data have become available on viral assemblies that do not always obey the rule of quasi-equivalence even though they retain icosahedral symmetry. 13, 16 Here, we enumerate and analyze the interfaces between subunits in a sample of 49 viral capsids that belong to these different lattices, and we compare their geometric and physical chemical properties to those of the pairwise interfaces of protein-protein complexes and homodimeric proteins, and also to the non-specific interfaces formed by the molecular packing of protein crystals. We find that viral capsid interfaces are generally non-polar like homodimer interfaces, but with a significantly different amino acid composition. Whereas large interfaces are closepacked, viral capsids also contain many small interfaces that resemble crystal packing interfaces in being poorly packed and involving many small segments of the polypeptide chain. We discuss these observations in terms of the mechanism of capsid self-assembly.
Methods and Results

The dataset of virus structures
We selected 49 PDB entries representing icosahedral virus capsids solved by X-ray crystallography to resolutions ranging from 1.8 to 3.6 Å (Table 1) ; 17 entries with resolution 2.8 Å or better constitute what we call below the 2.8 Å set. Redundancy was limited by requiring sequence identity to be less than 45%. Some of the entries represent procapsids or subviral particles that lack some of the capsid components, yet have icosahedral symmetry. In all but a few highresolution structures, the coordinates are for the polypeptide chains that form the icosahedral asymmetric unit (IAU), unlike other PDB entries that describe the crystal asymmetric unit. We generated coordinates for the icosahedral assemblies from the IAU by applying transformation matrices listed in the entry, or took them from the VIPER database ‡ 17, 18 when the matrices were missing. In all cases, we checked the result by comparing with the VIPER Web site.
In Table 1 , 11 out of 49 entries represent assemblies with standard T = 1 lattices, 17 entries, standard T = 3 lattices, and ten entries, pseudo T = 3 lattices. All follow the rules set by Caspar and Klug. 15 The T = 1 capsids contain 60 copies of a single chain and have a total molecular weight (MW) less than 4 MDa (megadalton). The T = 3 capsids contain 180 identical polypeptide chains, with a total MW that ranges from 2.5 to 10 MDa. The capsids with pseudo T = 3 (pT3) lattices are more homogeneous in size (3) (4) (5) (6) MDa) even though the number of polypeptide chains in the IAU varies from one to four. When the IAU contains one or two chains, they fold into domains that mimic the three subunits of a T = 3 lattice. In the more common case exemplified by rhinovirus (1aym), the IAU contains four chains; chains ABC have similar folds and mimic a T = 3 lattice 19 ; the short D chain does not contribute to the lattice.
The 11 capsids labeled miscellaneous in Table 1 all have several chains in the IAU. This category includes examples of T = 4 (1ohf, 1qgt) and of T = 7 lattices (1sva, 1ohg) allowed by quasi-equivalence, and others where the subunit assembly is more complex and does not obey that rule. They often form much larger assemblies than T = 3 or pT3 capsids. Thus, the capsids of blue tongue virus (2btv) and rice dwarf virus (1uf2), which have MW near 50 MDa, are the largest objects for which atomic models have been obtained by X-ray crystallography. The resolution of the X-ray data is poor and, in this category, only the Nudaurelia capensis omega virus capsid protein (1ohf) is part of the 2.8 Å set.
Number and symmetry of the pairwise interfaces
Contacts between polypeptide chains within a viral capsid were identified by using program ASBIG (Rodier, unpublished) to test each polypeptide chain in the IAU against all the other chains of the capsid. When two chains had at least one atom pair within 4.5 Å, the interface area (buried surface area, BSA) was calculated as the sum of the solvent accessible surface area (ASA) of the two chains less that of the pair. 20, 21 Program NACCESS (S. Hubbard, University College London) was used for ASA calculations. This definition of the BSA accounts for the protein surface buried on both polypeptide chains in contact. Interfaces with a BSA < 10 Å 2 were discarded. Non-protein components, including nucleic acid, solvent or ligand molecules, were omitted from the calculation when present in the PDB entry. All atoms or residues that contribute to the BSA were counted as interface atoms or residues.
The 49 capsids contain a total of 779 unique pairwise interfaces, about 16 per capsid; the 2.8 Å set contains 248. These interfaces are repeated 60 times by the icosahedral symmetry except for those about 2-fold axes that are repeated 30 times only. On average, each capsid contains 218 polypeptide chains and 920 pairwise interfaces; each polypeptide chain is in contact with 8.5 other chains.
In Table 2 , we distribute the unique interfaces into size classes and symmetry types. One-third occur within the IAU of capsids that have more than one chain per IAU; 31% are between identical chains A u t h o r ' s p e r s o n a l c o p y related by an icosahedral 2, 3 or 5-fold symmetry; 37% do not obey icosahedral symmetry. Noting that 5-fold symmetry allows for two different types of contacts, we call 5-fold the interfaces between firstneighbor chains related by a 72°rotation, 5*-fold, those between second neighbors related by a 144°r otation. Figure 1 shows histograms of the number of unique interfaces in each capsid. The range is wide: 3 to 66. In Figure 1 (a), all 779 interfaces are included; Figure 1 (b) includes only those with a BSA above 800 Å 2 . T = 1 capsids have three to five unique interfaces, much less than the average 16; seven out of 11 have exactly three interfaces above 800 Å 2 , one The infectious bursal disease virus (1wcd) has large 3 and 5-fold interfaces, but the 2-fold interface is small. In the papilloma L1 protein (1dzl) and the adenovirus penton (1x9p) capsids, only the 5-fold interface is large, but these assemblies contain only one of several components of the viral capsid.
The number of unique interfaces in T = 3 capsids ranges from eight to 17, five to nine of them above 800 Å 2 . All but four of the 17 capsids have either eight or nine unique interfaces above 800 Å 2 . Three interfaces are between chains ABC of the IAU; one is a 2-fold between C chains, another a 5-fold between A chains. Three more are between chains related by elements of the approximate, non-icosahedral symmetry that derives from quasi-equivalence 15 and is commonly called quasi-symmetry. A and B chains are related by a quasi 2-fold, B and C chains, by a quasi 6-fold that builds a (BC)3 hexamer centered on the 3-fold axis. The BC alternation within the hexamer should prevent direct contacts between 3-fold related subunits, yet we find 3-fold interfaces in most T = 3 capsids. They are marginal except in the tomato bushy stunt and tomato necrosis viruses (2tbv, 1c8n) where the C chains have long Nterminal tails that cross the B chains and form significant 3-fold interfaces.
The three pT3 capsids that have less than three chains in the IAU (1a6c, 1ny7, 1pgl) have only three to seven unique interfaces. In contrast, a typical pT3 capsid has four chains in the IAU, and 25 to 30 unique interfaces, 11 to 16 of them above 800 Å 2 . In rhinovirus (1aym) taken as an example, the capsid contains 25 unique interfaces and 13 above 800 Å 2 . In Figure 2 , the rhinovirus capsid interfaces are represented by the edges of a graph where the nodes are the polypeptide chains, omitting the short D chain for clarity. Three of the unique interfaces occur within the IAU, one is the 2-fold marked I2 between B chains, two more are 5-folds marked I5 between A or C chains. The other six comprise interfaces that are labeled Q2 for quasi 2-fold and Q6 for quasi 6-fold in Figure 2 (b) by analogy to the T = 3 capsids. The Q6 interfaces build a (BC)3 hexamer in pT3 as they do in T = 3 capsids, but B and C now have different sequences. The interfaces in the IAU, the 2-fold, 5-fold and quasi-6-fold are present in all pT3 capsids. In cowpea mosaic virus (1ny7) and bean pod mottle virus (1pgl), a single polypeptide chain equivalent to subunits B and C makes a large 3-fold interface that replaces the quasi 6-fold interfaces. Other pT3 capsids do not have 3-fold interfaces above 800 Å 2 , except the two insect viruses (1b35 and triatoma). These two capsids also have large 5*-interfaces that involve long N-terminal subunit tails.
The "miscellaneous" category of capsids in Table 1 is highly heterogeneous and it cannot be discussed as a group. The yeast L-A virus (1m1c) is a rather simple structure with a T = 1 lattice where the IAU contains two subunits that do not obey quasiequivalence; its capsid has only five unique Table 2 . 
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interfaces in addition to that in the IAU. In contrast, rice dwarf virus (1uf2) is an elaborate assembly with 66 unique interfaces, 43 of which occur between the 16 polypeptide chains that form the IAU.
Area of the interfaces and the total buried surface
The size of a protein-protein interface can be estimated as the BSA or the number of atoms or residues. These measures are equivalent, the number of atoms or residues being linearly correlated to the BSA: on average, there is one atom per 9.8 Å 2 (correlation coefficient R 2 = 0.997) and one residue per 38 Å 2 (R 2 = 0.985) in the 779 capsid interfaces. Other types of protein-protein interfaces yield essentially the same areas per atom and per residue. 22 In viral capsids, the average pairwise interface buries 1750 Å 2 ( Table 2 ) and on each polypeptide chain, it implicates 90 atoms and 25 residues. The mean BSA of the 248 unique interfaces of the 2.8 Å set is slightly less, reflecting the smaller average size of these capsids and of their subunits.
The distribution of the interface sizes ( Figure 3 ) is multimodal and broad. In Table 2 , we break the set into three size groups: small with BSA < 800 Å 2 , medium size with BSA between 800 and 2000 Å 2 , large with BSA > 2000 Å 2 . A majority of the small interfaces ( Figure 3 (a)) are 5*-fold or not associated with icosahedral symmetry. They make up 39% of the sample, but contribute only 7% of the BSA overall; 12% of the interfaces bury less than 100 Å 2 and implicate just a few atoms and one or two residues per chain. Conversely, the large interfaces that make up 28% of the sample contribute 68% of the BSA. These proportions are essentially the same in the 2.8 Å set.
At the upper end of the size distribution, we find 9% of the interfaces that bury 5000 to 10,000 Å 2 and implicate 250-500 atoms from 60-120 residues per chain. Two-thirds of these very large interfaces occur within the IAU of the larger capsids, but icosahedral symmetry also creates some. The largest interfaces in our sample are a 3-fold in the T = 1 parvovirus (4dpv) and a 2-fold in simian virus 40 (1sva) that bury about 10,000 Å 2 each. On average, the interfaces formed between chains of the IAU are similar in size to those about icosahedral 2-fold and 5-fold axes, and larger than the 3-fold and the nonsymmetrical interfaces; all but three of the 5*-fold interfaces are small ( Table 2 ).
The total ASA lost (BSA _ tot) by a given polypeptide chain in a capsid was obtained by measuring its ASA in the presence of all neighboring chains. In our sample, the number of neighbors ranges from three to 21 (Figure 4(a) ). In T = 1 and T = 3 capsids, each chain has an average of seven neighbors that bury 43-45% of its ASA. In pT3 capsids, the average number of neighbors increases to 12 and the total buried fraction to 60%. Some subunits in pT3 capsids have more than 15 neighbors and lose three-quarters of their ASA in the assembly. Within each lattice type, BSA_tot increases with the subunit size and is correlated to the ASA of the free subunit (R 2 = 0.66; Figure 4 (b)). Capsids of the miscellaneous category yield similar numbers, although their subunits are highly heterogeneous in both number and size. Figure 5 illustrates the multiplicity of interfaces in the case of chain A of the pT3 rhinovirus capsid (1aym). Chain A has 13 neighbors and loses 58% of its ASA in contact with them. In the two orientations shown in Figure 5 , most of the protein surface is seen to be part of an interface. The interface made with chain C in the IAU is extensive (8200 Å 2 ) and visible on both sides of chain A. Other large interfaces made by chain A are with chain B in the IAU, two 5-fold related A chains, and a second C chain. In addition to the five large interfaces, there are four medium size interfaces and four small ones.
For a given polypeptide chain in a capsid, BSA_tot is less than the sum of the BSA (BSA _ sum) of the pairwise interfaces that implicate that subunit, because of atoms that are in contact with more 
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than one neighboring subunit. We find that in the T = 1, T = 3 and pT3 capsids, BSA _ sum exceeds BSA _ tot by 6% on average; 15% of the interface atoms are in contact with two neighbors, 2% with three. Likewise, many amino acid residues are part of more than one pairwise interface: 24% of the residues that lose ASA in the assembly are in contact with two neighboring subunits, 5% with three, 2% with four; there are extreme cases of residues in contact with seven subunits.
Comparison with other protein-protein interfaces: chemical composition and hydrogen bonds
Because many of the physical-chemical properties of a protein-protein interface depend on its size, we chose to compare what we saw in viral capsids to other types of interfaces of comparable size. Pairwise interfaces in capsids are directly comparable to subunit interfaces in protein-protein complexes and homodimers, whose properties have been surveyed in recent years. [23] [24] [25] [26] [27] [28] The "medium" category in Table  2 is similar in size to the interfaces of protein-protein complexes, a large majority of which (75% in the sample of Lo Conte et al. 24 ) fall into the 800-2000 Å 2 BSA range that defines this category. Subunits of homodimeric proteins tend to make more extensive interfaces than in complexes; their average BSA determined by Bahadur et al. 27 is close to that of the large size category of capsid interfaces. Capsid interfaces of the small size category are smaller than in any complex or homodimer, but they may be compared to the pairwise interfaces created by the molecular packing in protein crystals. Such interfaces bury an average of 570 Å 2 in a set of crystals of 29 The reference values cited in Tables 2 and 3 refer to a subset with BSA > 800 Å 2 that has been analyzed in relation to complexes and homodimers. 22 In analyzing the physical-chemical properties of the capsid interfaces, we should first consider their chemical composition. This is expressed in Table 2 as the fraction f _ np of the BSA that is contributed by non-polar (carbon containing) groups; nitrogen, oxygen and sulfur were counted as polar. The mean value of f _ np, 63% in the 49 capsids, is essentially the same in the 2.8 Å set, or for IAU, symmetry-related or non-symmetrical interfaces. Figure 6 (a) shows that nearly all interfaces with BSA > 2000 Å 2 have f _ np ≈ 65%. In small interfaces with few atoms, f_np is highly variable, but its mean value is only marginally less than in the larger interfaces. Thus, the chemical composition of viral capsid interfaces does not depend drastically on their size.
In comparison, homodimers have f_np = 65% (Table 2) , oligomeric proteins in general, 5 f _ np = 62%: the average chemical composition of their interfaces is that of large viral capsid interfaces. Whereas small capsid interfaces are only marginally more polar, the interfaces of protein-protein complexes have f_np = 58% like crystal packing interfaces and very close to the composition of the solvent accessible protein surface.
We counted interface hydrogen bonds with the HBPLUS program 30 and default parameters. On average, there are 7.1 H-bonds per interface, that is, one H-bond per 250 Å 2 of BSA ( Table 2 ). The surface density of H-bonds is about the same in the interfaces of various symmetry types, except for the 5*-fold interfaces, many of which have no Hbond at all. The number of H-bonds generally increases with the interface size in capsids as it does in other types of protein-protein interfaces, but the correlation with the BSA is mediocre (correlation coefficient R 2 = 0.81). HBPLUS reports no H-bond in 28% of the interfaces including 23 above 800 Å 2 in which three or more H-bonds would be expected. These H-bond-less interfaces belong to viral capsids for which the resolution of the X-ray data is poor and the local atomic structure likely to be inaccurate. In the 2.8 Å set, the average number of H-bonds per interface is 7.8 and their surface density is one per 200 Å 2 , 25% more than in the whole set. Using the same criteria to define H-bonds, homodimers and complexes contain an average of one H-bond per about 200 Å 2 BSA (Table 2 ; Ponstingl et al. 5 report one H-bond per 100 Å 2 area lost per subunit, which is equivalent). This is the density that we observe in capsids of the 2.8 Å set, but small interfaces have comparatively fewer Hbonds. We find one H-bond per 290 Å 2 on average in Table 2 for crystal packing interfaces.
Buried atoms, interface core and the quality of the atomic packing
We called f_bur the fraction of the interface atoms that have zero ASA in the subunit pair; f_bur is 29% on average in the 779 pairwise interfaces (Table 2) . It is the same in the 2.8 Å set, indicating that, unlike H-bond counts, this quantity is not sensitive to the quality of the X-ray data. Figure 6 (b) and Table 2 show that f _ bur increases with the size of the interface: small interfaces bury only 11% of their atoms, large interfaces bury 33%. In the presence of all neighboring subunits, the fraction of buried atoms increases, because atoms in contact with more than one neighbor can have zero ASA even though they are accessible in each of the pairwise interfaces. We find that 36% of the interface atoms are buried in the whole assembly instead of 29% in pairwise contacts.
The mean buried fraction is similar in the large pairwise interfaces of viral capsids and in homodimers and complexes (34-36%, Table 2 ). Crystal packing interfaces bury fewer atoms; those with BSA > 800 Å 2 have f_bur = 21%, which is the mean value that we obtain for all capsid interfaces with BSA < 2000 Å 2 . Buried atoms are the basis of our definition of the interface core and rim. 25 The core comprises all ; data for segments. 
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residues that contain at least one buried interface atom; the rim, residues in which all interface atoms have non-zero ASA in the assembly. In viral capsids, about half of the interface residues belong to the core, half to the rim. In the presence of all neighboring subunits, more atoms are buried and the fraction of core residues increases from 51% to 65%.
In pairwise capsid interfaces, the fraction of the residues that belong to the core increases with the BSA like the fraction of buried atoms; f _ core and f_bur are linearly correlated in our sample (R 2 = 0.83). The 5*-fold interfaces have particularly low f _ core and f _ bur fractions; 70% have no core residue at all and only 10% of their atoms are shielded from the solvent, which may explain why they contain so few H-bonds. The mean f _ core = 58% cited in Table 2 for large capsid interfaces is less than in homodimers, and the mean for medium size interfaces less than in protein-protein complexes.
The fraction of buried atoms is related to the packing of the interface atoms and the shape complementarity of the protein surfaces in contacts. A close-packed interface buries more atoms in proportion, and its presence implies that the two protein surfaces have complementary shapes.
2-6,24,31
Several geometric parameters have been proposed to describe this feature, but not all are applicable to low-resolution X-ray models. We developed two packing indices, 22 L _ D and G _ D, that are less sensitive to errors in atomic positions and edge effects than the Voronoi volume ratio 32 or the shape complementarity index. 33 The local index L _ D is the mean number of interface atoms that are within 12 Å of another interface atom; the global G_D index is a measure of the surface density of interface atoms.
L_D and G_D are correlated to f_core and f_bur (data not shown) and increase with the interface size following the pattern observed above for f _ bur. L _ D has similar mean values in large capsid interfaces as in homodimers and complexes (Table 3) , and is significantly lower in both small capsid interfaces and crystal packing interfaces. Interface atoms are known to be close-packed in protein-protein complexes 24 and in oligomeric proteins. 5 The values reported in Table 3 suggest that, in viral capsids, the large interfaces are also close-packed, whereas small interfaces are more like crystal packing interfaces in which atoms tend to be dispersed. 22 Table 4 reports the overall amino acid compositions of the set of 779 interfaces and of the 307 small interfaces. As the latter comprise less than 9% of the interface residues, the composition of the whole set is essentially that of the larger interfaces. Amino acid compositions are cited by number, counting interface residues of each of the 20 types, and by area, counting the contribution of each type to the BSA. In Table 4 , the area-based compositions are compared with values previously reported for homodimer and crystal packing interfaces, and also with the composition of the ASA of a set of monomeric proteins. 22 Viral capsid interfaces differ strongly in their composition from the protein surface, relative to which they are enriched in non-polar residues and depleted in charged residues. They share these properties with homodimer interfaces. Aliphatic residues Ile, Leu, Val and Met make up 22% of the BSA in capsids and 26% in homodimers, but only 12% of the protein ASA and 16% of the crystal packing BSA. Charged residues Asp, Glu and Lys make up 33% of the protein ASA and 25% of the crystal packing BSA; they contribute only 15% of the BSA in either capsids or homodimers. As often noted, 22, 24 Arg behaves differently from other charged residues, and it makes up a uniform 9-10% of the area of all these surfaces.
Amino acid composition
Nevertheless, viral capsid interfaces differ in composition from homodimer interfaces. Relative to those, they are depleted in aromatic residues (Phe, Tyr, Trp) and enriched in neutral polar residues (Ser, Thr, Asn, Gln) and Pro. These five residue types make up 31% of the BSA in capsids and 28% of both the crystal packing BSA and the ASA of monomeric proteins, but they contribute only 21% to the BSA of homodimer interfaces. Amino acid composition differences are reported in Figure 7 as Euclidean distances d _ aa between area-based compositions. In this representation, the interfaces of both homodimer and viral capsids are remote from the protein surface, but the capsid interfaces stand in between homodimer and crystal packing interfaces.
Patches, segments and tails
Noting that an interface can involve more than one region of the surface of the polypeptide chains in contact, Chakrabarti and Janin 25 called such regions recognition patches, and identified the patches by clustering interface atoms with the average linkage method. In viral capsids, we ran the algorithm separately on the two polypeptide chains of each interface with the same 15 Å threshold distance as Chakrabarti and Janin. 25 In 76% of the cases, it found the same number of patches in the two chains; in most other cases, the difference was one and we averaged the two numbers. Thus, we counted patches in pairs, one on each subunit. As could be expected, the number of patches increases linearly with the BSA (correlation coefficient R 2 = 0.87). As there is one pair of patches per 720 Å 2 BSA on average (Table 3) , most of the small interfaces are single-patch, medium-size interfaces have one to three pairs of patches, and all large interfaces are multi-patch (Figure 8(a) ).
Patches comprise interface atoms that are close in space, but these atoms can belong to residues far apart in the polypeptide sequence. Following Jones and Thornton, 34 we distributed interface residues into chain segments: two interface residues belong to the same segment if they are separated by less than N non-interface residues along the amino acid sequence. Setting N = 5 as described by Pal et al., 35 the average number of segments is 3.9 per polypeptide chain and the average segment contains 6.4
A u t h o r ' s p e r s o n a l c o p y
interface residues. The number of segments increases with the interface size, but the correlation with the BSA is poor (R 2 = 0.62). Table 3 shows that small interfaces tend to be fragmented into very short segments with only three interface residues on average. Large interfaces contain fewer segments for their size and these segments are much longer (Figure 8(b) ).
Using the same procedures to define surface patches and chain segments in the interfaces of protein-protein complexes and homodimers, we find that capsid interfaces tend to be more fragmented than these interfaces in terms of patches, but not of chain segments. On average in complexes, the interface contains 1.3 patch pairs and nearly all interfaces with BSA < 2000 Å 2 are single-patch. 25 In contrast, a majority of the medium size capsid interfaces are multi-patch with 2.2 patch pairs on average (Table 3) . Similarly, the average number of patch pairs in homodimer interfaces is less than half that of the large capsid interfaces. On the other hand, medium size capsid interfaces have about the same number of segments per chain and the same number of interface residues per segment as in proteinprotein complexes, and large capsid interfaces the same number of segments and the same average segment length as in homodimers.
Some capsid interfaces contain unusually long segments with up to 47 interface residues. They belong to "tails", which we defined as extended N or C-terminal regions of the polypeptide chains with at least ten residues, and identified by visual inspection. We found only one such segment in a T = 1 capsid (1a34), but subunits of nine out of 17 T = 3 capsids, of all but one (1a6c) of the ten pT3 capsids, and two capsids of the miscellaneous category (1sva, 1ohg), have tails. They are heavily involved in the assembly: two-thirds of the interfaces with BSA > 800 Å 2 implicate tail segments. In T = 3 capsids, tails are preferen- a Percent number fraction of the 39,286 residues implicated in the 779 pairwise capsid interfaces, or 3312 residues in those with BSA < 800 Å 2 . b Percent of the BSA contributed by a residue type in all pairwise capsid interfaces or those with BSA < 800 Å 2 ; reference data for homodimer interfaces, 27 crystal packing interfaces and the surface of monomeric proteins. Euclidean distances between area-based amino acid compositions. The distance d_aa between two surface or interface compositions is defined as by Lo Conte et al. 24 : 2 , where f i and f′ i are the percent fraction areas contributed by residues of type i to the BSA or ASA of the two surfaces. Their values are taken from Table 4 .
tially involved in the 2-fold and quasi 6-fold interfaces. In pT3 capsids, they contribute largely to the interfaces in the IAU. In rhinovirus for instance, chains A and C have long N-terminal tails that make major contributions to the A:C contact, and shorter Cterminal tails in contact with chain D (Figure 5 ). In general, tails mediate contacts between C chains about 5-fold axes in pT3 lattices, and between second neighbors about 5-fold and quasi 6-fold axes in T = 3 and pT3 capsids. The average length of the tails is 29 residues; that of the interface segments that belong to a tail is less, only 12 residues, but many tails comprise several segments that overlap and belong to different interfaces.
Discussion
Interfaces in capsids, protein-protein complexes and homodimeric proteins
The determination of the structure of viral capsids in atomic details is an outstanding achievement of structural biology. These large, elaborate, macromolecular assemblies illustrate modes of proteinprotein recognition that may not be represented in simpler structures such as protein-protein complexes or homodimeric proteins. In performing the comparison, it should be recalled that the resolution of the X-ray structures, and consequently the accuracy of the atomic coordinates deposited in the PDB, is generally less for the larger assemblies. Moreover, capsid atomic coordinates have been averaged to represent the IAU, and then expanded with icosahedral symmetry matrices in our calculations. The averaging/expansion process may result in additional inaccuracy. Thus, we selected parameters that are relatively insensitive to small changes in atomic positions: the buried surface area, the number and types of atoms and residues present at the interface, whether they are buried or solvent accessible, and how they pack together. When we checked our data on the BSA and residue contacts against those of the VIPER database, 18 they were generally consistent although our definition of pairwise interfaces includes many small interfaces not reported in VIPER.
The pairwise interfaces of viral capsids cover a very broad range of sizes, yet their average chemical composition does not vary much. Viral capsid interfaces are much less polar than the protein surface, and their amino acid composition is intermediate between those of the homodimer and crystal packing interfaces. They are depleted in charged residues and enriched in aliphatic residues, but less so than homodimer interfaces; moreover, they are rich in neutral polar residues, which makes the composition less obviously non-polar. Whereas pairwise capsid interfaces bury fewer atoms and have fewer core residues than in homodimers, their f_bur and f_core values become similar to those of homodimer interfaces when calculated with all subunits present. Small capsid interfaces are less polar than crystal contacts, which they nevertheless resemble in having few buried atoms, few core residues and few H-bonds for their size. They are poorly packed and involve very short segments of the polypeptide chain. In contrast, the L_D and G_D indices of large capsid interfaces suggest that their atoms close-pack as they do in complexes and homodimers. The average number of chain segments at the interfaces and the average length of the segments are essentially the same as in homodimers, but N or C-terminal tails contribute unusually long segments, especially in capsids of the T = 3 and pT3 lattices. Such tails are less common in homodimers. (b) Histogram of the length of chain segments. Segments are stretches of residues that start and end with interface residues and may contain non-interface residues, but only in stretches of five or less. 34, 35 The segment length is the number of interface residues in the segment ignoring non-interface residues. Many of the segments longer than 13 belong to "tails". The interface size categories are those of 
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However, there is a major difference between viral capsids and complexes or homodimers. The latter are binary assemblies with a single interface, viral capsids are multi-component assemblies in which each polypeptide chain has several neighbors and forms several interfaces. From that point of view, capsids resemble crystals. The average number of neighbors is 8.5 in capsids and 8.3 in protein crystals. 29 Thus, viral capsids contain as many interfaces per polypeptide chain as crystals do. These interfaces cover half or more of the protein surface, which also happens in crystals of small proteins 29 even though crystal packing interfaces are comparatively small. In most oligomeric proteins, subunit contacts bury much less of the protein surface: 16% on average in homodimers, 27 18% in a sample of protein-protein complexes and oligomeric proteins. 5 Thus, most of the protein surface remains in contact with the solvent in binary assemblies, whereas only 56% of the protein surface is accessible in a T = 1 or T = 3 capsid, 40% in a pT3 capsid, and in the virus, a significant fraction of that surface is in contact with DNA or RNA. Relative to homodimers and complexes, viral capsids have few surface residues that are solvent accessible, and many residues that are part of several interfaces simultaneously.
Implications for capsid assembly
The self-assembly of a virus capsid is an elaborate process that, in addition to the folding of the subunits and their association, often involves the virus nucleic acid, accessory proteins, host chaperones, and maturation through conformation changes and covalent modifications such as proteolysis. [36] [37] [38] Nevertheless, it is remarkably fast. In vivo, bacteriophage T4 goes through a complete cycle of infection, replication and lysis in 15 min; the capsid assembles in minutes in spite of the large number of polypeptide chains that constitute it. 39 The mechanism of capsid assembly must exert a high evolutionary pressure on the polypeptide chains, yet the amino acid composition of capsid interfaces is not obviously different from that of the protein-protein interfaces of simpler systems. This suggests that capsid assembly goes through a series of low order, possibly binary, steps similar to the assembly of small oligomeric proteins.
A fast stepwise assembly process must involve intermediate oligomeric species, called capsomeres in the case of viral capsids. A capsomere that retains its structure in the final product, comprises a subset of the interfaces identified here. Interfaces with BSA < 800 Å 2 are smaller than any found in a stable protein-protein complex or homodimer, and unlikely to take part in the assembly process, although they may contribute to the stability of the capsid once it is assembled. All larger interfaces are candidates for either stabilizing capsomeres or promoting their assembly into higher-order intermediates.
In vitro studies of the early steps of capsid assembly have been performed on few viruses.
The most extensive ones 40, 41 concern the bacteriophages P22 and HK97. Purified subunits of these phages form icosahedral procapsids with 420 identical chains in a T = 7 lattice. The process is completed in a few minutes and the kinetics indicates a low order of reaction (order 1 in HK97, less than 4 in P22), which implies that it goes through several levels of oligomeric intermediates. A T = 7 capsid can be viewed as comprising 12 pentamers located at the 5-fold axes, and 60 hexamers arranged in sets of five around the pentamers. In solution, the HK97 subunits form pentamers and hexamers that interconvert slowly, and the procapsid assembly is most efficient when the two species are in ratio 1:5, the same ratio as in the capsid. 41 Pentamers and hexamers may also be intermediates on the way to the P22 procapsid, but they are not detected in solution, and the process requires an additional scaffolding subunit. 40 During the maturation of the HK97 capsid, new covalent linkages are formed between the subunits 42 and a conformation change leads to a 60 Å radial expansion. 43 Still, we may assume that the pentamers and hexamers seen in solution are the same as in the mature capsid, which contains 34 unique interfaces, or 18 above 800 Å 2 . Seven have a BSA near 5000 Å 2 : the 5-fold interface between the G chains that form the pentamer and the six A:B:C:D:E:F:A interfaces in the hexamer (Figure 9 ). These interfaces are quasi-equivalent in the sense of Caspar and Klug, 15 they are extensive and their f _ np and f _ bur values are similar to homodimer interfaces. Because all the other interfaces are much smaller, the pentamers and hexamers are obvious features in the capsid. 42 The medium-size interfaces, all with a BSA in the range 1600-1800 Å 2 , comprise the F:G interface between a pentamer and a hexamer, and interfaces between pairs of hexamers that form at the icosahedral 2 or 3-fold and at quasi 2 or 3-fold axes. All other interfaces are small. The pentamer-hexamer and hexamer-hexamer interfaces are comparable in size to those of many stable protein-protein complexes. Thus, they can stabilize intermediate species such as those shown in Figure 9 , and generate a T = 7 lattice by the stepwise addition of hexamers, one-by-one, in pairs or in triplets, to the pentamer.
Capsomeres, the icosahedral asymmetric unit and other assembly intermediates
The line of reasoning that we just followed in the analysis of the HK97 procapsid assembly is essentially that described by Reddy et al. 44 who proposed assembly pathways for several T = 3 and pT3 viruses based on the subunit contacts seen in the crystal structures. They relied on a correlation between the interface area and the free energy of dissociation observed in a set of protein-protein complexes. 45 However, the correlation does not extend to other systems, 46 and in general, there is no simple relationship between the size of an interface and either the stability of the protein assembly or its rate of association. Whereas a larger interface excludes more solvent and allows more A u t h o r ' s p e r s o n a l c o p y atomic interactions favoring association, it also tends to induce conformation changes 24 that affect both the free energy and the kinetics of the system. Such changes are commonly seen during the maturation of viral capsids. Nevertheless, it is very unlikely that a viral capsid subunit, produced at high concentration in the infected cell, can remain monomeric for any length of time while bearing large non-polar patches on its surface. Association must be tightly coupled with folding as it is in most oligomeric proteins, with the particularity that several species, pentamers and hexamers in the case of HK97, may form simultaneously. This consideration validates the approach of Reddy et al. 44 in spite of the lack of correlation between interface size and stability.
Few capsid assemblies have been analyzed in as much detail as for bacteriophages P22 and HK97. Pentamers and hexamers, which are a bult-in feature of quasi-equivalence, 47 are plausible intermediates in the assembly of T = 3 capsids. In the case of cowpea chlorotic mottle virus (CCMV, 1cwp), the subunits exist as dimers in solution, and the building block of the capsid has been suggested to be a cyclic hexamer of the dimers. 48 In CCMV, the largest interfaces are a 2-fold and a quasi 2-fold, both with a BSA near 3000 Å 2 . They build two similar dimers that are likely to represent the dimer in solution. Similarly, the two quasi 6-fold interfaces with a BSA near 2000 Å 2 may form the hexamer. However, pentamers of the dimer have also been implicated in assembly, 49 and when the hexamer is destabilized by deletion of N-terminal residues, the dimer assembles in icosahedral particles with a different lattice. 50 All the T = 3 capsids in Table 1 have 2-fold interfaces with BSA > 1200 Å 2 and a large majority also have significant 5-fold and quasi 6-fold interfaces. Notable exceptions are the bacteriophages (1dwn, 1qbe, 2bu1). They have very large 2-fold interfaces, but their 5-fold and quasi 6-fold interfaces are small. Thus, their assembly is unlikely to involve pentamers or hexamers, and it may follow a very different pathway from that of plant viruses with the same T = 3 lattice.
A majority of the T = 3 capsids including CCMV have IAU interfaces that are smaller than the 2-fold, 5-fold and quasi 6-fold interfaces. This is not a general situation: in four T = 3 capsids (1ddl, 1e57, 1ihm, 2bbv), all but two of the pT3 capsids, and most of the miscellaneous capsids on Table 1 , the largest interfaces occur within the IAU. It is worth noting at this point that the IAU is a geometric concept with no obvious biological significance. In a capsid or in a crystal, a valid asymmetric unit is any set of atoms from which the whole object can be reconstructed by applying the icosahedral or space group symmetry operations. To make the IAU in CCMV, a different set of subunits forming larger interfaces could have been selected. Nevertheless, crystallographers like to pick asymmetric units that make chemical and biological sense when they can. In a PDB entry, this can be seen by checking the "biological unit" record. In viruses, the IAU of all the pT3 capsids in Table 1 comprises the polypeptide chains that derive from the proteolysis of the same precursor chain, and thus, it is a plausible starting point for the assembly process. We would like to extend this remark to other capsids where the largest interfaces are within the IAU, to the T = 3 capsid of the black beetle virus (2bbv) for instance. Reddy et al. 44 proposed that its assembly proceeds through the association of the ABC trimer in the IAU into several (ABC)i oligomers: dimers, cyclic hexamers and/or pentamers. This is a plausible mechanism in other T = 3 capsids that have large IAU interfaces, and in pT3 capsids.
Conclusion
Viral capsids are more elaborate and more symmetrical than most molecular assemblies in the cell, yet they illustrate features that are likely to exist in other multi-chain protein assemblies. Their subunits are engaged in a large number of pairwise contacts simultaneously, they form interfaces that greatly differ in size, the larger resembling interfaces in oligomeric proteins, the smaller, crystal packing Figure 9 . Subunit interfaces and the mechanism of assembly of the bacteriophage HK97 procapsid. The procapsid comprises 420 identical subunits arranged in a T = 7 lattice. The IAU includes the six chains labeled A-F that form a cyclic hexamer and a chain labeled G, part of a pentamer. 42 In solution, the subunit forms pentamers and hexamers from which assembly can proceed. 41 Large interfaces with a BSA near 5000 Å 2 stabilize both the pentamer and the hexamer. Medium-size (1600-1800 Å 2 ) interfaces may allow forming first pentamerhexamer and hexamer-hexamer pairs, then higher-order assemblies by the stepwise addition of hexamers or pairs of hexamers.
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contacts. In viral capsids and other multi-chain protein complexes, self-assembly must involve the stepwise formation of these different interfaces, and the physical chemistry of proteins in solution may set a priority for the larger ones to form first. Capsid assembly has often been compared to crystallization, a comparison that may be misleading. In a protein crystal, the molecules are engaged in many interfaces, but these are generally too small to stabilize a small intermediate assembly. Thus, the crystal grows by adding molecules one-by-one to a nucleus that is inherently unstable. In contrast, a viral capsid assembles through a series of steps involving capsomeres and oligomers of those. At each step, one or more large interface is created yielding a species that, presumably, would be stable if growth was prevented. This mechanism is more efficient and more robust than nucleation-growth, and it has been retained by natural selection.
